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Materials and Methods. Sample Preparation.
The DNA fragments encoding the human Smoothelin (UniProt: P53814-5) CH domain (residues 801-915) and the human BMX (UniProt: P51813) SH2 domain (residues 291-393, PDB: 2EKX) were subcloned by PCR from cDNA clones (OriGene Technologies, USA, and Invitrogen, USA) by two-step PCR (Yabuki et al. 2007 ) using gene-specific primers (forward primer for Smoothelin: ACTGAGAACC TGTACTTCCA GGGAATCAAG CAGATGCTGC TGGAC, reverse primer for Smoothelin: GGGCGGGGAT CAATCAATCA TTAGGACTTT TTGGTTTTTA CCAGCCCCTT; forward primer for BMX: CCAGCGGCTC CTCGGGACTG GATGATTATG ACTGGTTTGC T, reverse primer for BMX: GGGCGGGGAT CAATCAATCA TTATGACACA GGGTGGCGGA GCCGTG). The cDNA fragments encoding these regions were cloned into the expression vector pCR2.1-TOPO (Invitrogen, USA), as a fusion with an N-terminal poly-histidine affinity tag and a tobacco etch virus (TEV) protease cleavage site. The actual sequences of the NMR samples contain either one extra glycine residue (Smoothelin CH) or seven extra residues (GSSGSSG, BMX SH2) at their N-termini after the TEV cleavage, which are derived from the artificial linker sequence (Yabuki et al. 2007 ). Residue numbers shown in the text are based on these samples including the linker residues.
Four kinds of solutions containing 7.5 mM of each amino acid (see Table S2) and four kinds of solutions of 600 mM cysteine (see Table S3 ) were prepared for the cell-free synthesis of SI-labeled proteins for SiCode. Note that some of the SI-labeling ratios of the amino acids in the stock solutions were intentionally lower than the 2 designed ratios of the product proteins (Figs. 1b and 2a) , as follows. For the aspartate in samples 2 and 4, the 13 C labeling ratio was set to 30% instead of the desired value (50%), and the 15 N labeling ratio was 65% instead of 75%. For the glutamate in samples 3 and 4, the 13 C labeling ratio was 15% instead of 50%, and the 15 N labeling ratio was 55% instead of 75%. As a result, the designed ratios were eventually achieved through isotope scrambling in the cell-free reaction (namely, 13 C labeling ratio of aspartate in amino acid mixture of sample 2 and 4 are 30%, however, isotope scrambling from 100% 13 C labeled asparagine increase the 13 C labeling ratio of aspartate to about 50% in the final protein product; similarly, 15 N labeling ratio of aspartate of sample 2 and 4 are increased from 65% to 75% by scrambling from 100% labeled asparagine; 13 C labeling ratio of glutamate of sample 3 and 4 are increased from 15% to 50% by scrambling from 100% labeled glutamine; 15 N labeling ratio of glutamate of sample 3 and 4 are increased from 55% to 75% by scrambling from 100% labeled glutamine), as described in the text. Using these amino acid solutions, three kinds of labeled Smoothelin CH proteins (samples 1 to 3, shown in Fig. 1b ) and four kinds of labeled BMX SH2 proteins (samples 1 to 4, shown in Figs. 1b and 2a) were synthesized using the E. coli-based cell-free protein synthesis system as described (Kigawa et al. 2004) except for the addition of 20 mM each of aminooxyacetate and D-malic acid (Wako Pure Chemical Industries, Japan) in order to suppress various isotope scrambling events (Yokoyama et al. 2011) . The synthesized proteins were purified with a HisTrap affinity purification column (GE Healthcare, USA), according to the supplier's instructions. After tag cleavage by TEV protease (in-house preparation), the samples were applied to the HisTrap column again and collected from the flow-through fraction. Main-chain signal assignment by triple resonance experiments for reference.
For validation purposes, the main-chain signals of the Smoothelin CH and BMX SH2 domains were independently assigned by the standard triple resonance technique, as described previously (Tochio et al. 2006) . Uniformly 13 C/ 15 N-labeled NMR samples were prepared as described above, except for the use of uniformly 13 C/ 15 N-labeled amino acids for the cell-free synthesis and different final protein concentrations for the NMR measurements (0.9 mM Smoothelin CH; 1.1 mM BMX SH2). All spectra were processed using NMRPipe (Delaglio et al. 1995) and the programs Kujira (Kobayashi et al. 2007 ) and NMRView (Johnson and Blevins 1994) were employed for optimal visualization and spectral analyses. The values (SI-labeling ratios, see Note S3 for detail) are displayed in percentages. In this study, the check digit was added to the three data digits as an error detection system. Assuming that the probabilities of mistakes in the digits are the same value across all samples, the results are divided into the following four cases.
The first case, corresponding to "true positive", is that where both the amino-acid discrimination using data digits and check digit are correct; i.e., there are no mistakes in the digits. The probability of this case, , , is:
The second case, corresponding to "true negative", is that where there is only one mistake among the data digits and no mistake in the check digit, resulting in the correct detection of the error in the amino-acid discrimination. The probability of this case, 9 , is:
The third case, corresponding to "false negative", is that where there are no mistakes in the data digits, while the check digit is incorrect, leading to the correct amino-acid discrimination mistakenly detected as an error. The probability of this case, ; , is:
The last case, corresponding to either "true negative" or "false positive", is that where there are more than two mistakes in the digits. The probability of this case, -, is: -= 6 9 1 − 9 + 4 ; 1 − + -(S2-4).
Assuming that the probability is sufficiently small, then the probabilities of these cases fulfill , > 9 > ; > - (Fig. S8) . Hence, the failure of detecting the errors in amino-acid discrimination ("false positive"), which is the most problematic case for 21 practical use, can be considered as the rarest case.
We estimated the value by generating a synthetic data. For the generation of spectra, background noise is assumed as Gaussian. The signal-to-noise ratio of the HSQC signal is defined as follows:
where "#$% is the intensity of HSQC signal of 100% 15 N labeled sample, is a standard deviation of spectral background noise. With repeated 1000 times of simulation using the labeling pattern shown in Fig. 1b , calculated values for discrimination of residue i were 0.003, 0.013, 0.051, 0.160, and 0.394 when SNR were 10, 8, 6, 4, and 2, respectively. In the real situation, values may become larger than these values for various reasons such as the systematic spectral noise or the error of SI-labeling ratio.
We applied the check digit system to the BMX SH2 domain, as described in the text. For the high signal-to-noise ratio data obtained with 0.35 mM protein and 8 scans ( 15 N-HSQC) or 32 scans (HNCO), the numbers of true positives, true negatives, false negatives, and false positives among the isolated main-chain signals were 78, 6, 3, and 0, respectively. For the low signal-to-noise ratio data obtained with 0.05 mM protein and 16 scans ( 15 N-HSQC) or 64 scans (HNCO), the numbers were 66, 13, 3, and 0, respectively. These numbers were in the order discussed above, and problematic false positives did not occur in the present study. These results demonstrate that most of the discrimination errors are correctly detected by the check digit system.
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Supplementary Note S3 Optimization of SI-labeling ratios
In this study, we used a simple labeling pattern based on the ternary digits, i.e.
three levels of SI-labeling ratio, to discriminate 19 amino-acids. More complicated labeling patterns can be achieved using the cell-free protein synthesis system without SI scrambling (Yokoyama et al. 2011 ) by simply altering the composition of amino-acid mixture solution used for the reaction. In designing labeling patterns, we can adopt "minimum distance decoding" by finding amino acid which minimizes the sum of residual squared error , which is defined as
where is the number of labeled samples, K D is the designed labeling ratio of th sample of amino-acid , K is the SI index of th sample. Information distance between two amino acids and its minimum value can be defined as a standard Euclidean distance as
where and are amino acids. In general, based on knowledge of coding theory, 012 should be maximized for the best noise tolerance. In SiCode, this minimum distance should be maximized for both 15 N and 13 C to obtain information of both positions i and i-1. Distance for 15 N labeling ratio can be described as follows:
where & is distance for 15 N, K D is the designed 15 N labeling ratio of th sample of amino-acid . Because SI indices of 13 C calculated from HNCO depend on both 15 N 23 and 13 C labeling ratios, the definition of distance for 13 C should be modified. When we consider two amino acid pairs ( at position i-1 and at position i) and ( at positon i-1 and at position i), the modified distance between these two amino acid pairs is
where % is modified distance for 13 C, K D is the designed 13 C labeling ratio of th sample of amino-acid . This shows that the noise tolerance for decoding position i-1 depends on the amino-acid type of position i. Considering the worst case, we substituted actual 15 N labeling ratio with the minimum 15 N labeling ratio as follows:
Note that ′ % , ≤ % , is satisfied for all amino-acid combinations. Due to the commercial availability, we generally use 15 N-labeled and 13 C/ 15 N-labeled amino acids, resulting in a limitation as follows:
for all amino acid type and for all labeled sample . We fixed \K] as 0.5 (i.e. 50%
15 N labeling) in this study, however, the value may vary with proteins because HNCO is usually less sensitive than HSQC. To simplify designing process, we fix \K] and add further limitation as follows:
for all amino acid type and for all labeled sample . Note that these limitations (S3-11 to S3-13) are a sufficient condition of S3-10. With these limitation, both & 012
and ′ % 012 are maximized by maximizing 012 . As mentioned in the text, we have not used fully labeled reference sample, resulting in another limitation as follows: S3-14) for all amino acid type .
We have optimized labeling patterns for discriminating 19 or 20 amino acids with various numbers of samples by using simulated annealing method ( Fig. S9 and Table S4 ). The best labeling pattern for discriminating 19 amino acids with three labeled samples only consists of values of 0, 0.5 or 1 (Fig. S9b) , demonstrating that the use of ternary digits is the best under this condition. If \K] are set to 0.5, this labeling pattern is much the same with that presented in Fig. 1b . Note that using this labeling pattern, the decoding method described in Materials and Methods is equivalent to the minimum distance encoding. The best 012 value (0.111) for discriminating 19 amino acids with two labeled samples (Fig S9a) is remarkably smaller than the value (0.500) with three samples (Fig S9b) , indicating that, the labeling pattern with three samples is much better than that with two sample. These are the reasons why we have used the labeling pattern presented in Fig. 1b in this study. The 012 value of the pattern shown in Fig. 2a (3 data digits with 1 check digit) is 0.707 ( 2 2), which is smaller than 012 value (0.791) of the pattern with 4 samples (4 data digits without check digits) (Fig.   S9c ). This indicates that all of samples should be data digits with respect to the noise tolerance, while the check digit strategy introduces independent confirmation of the 25 decoding result. Moreover, by using the same strategy with three labeled samples, 20 amino acids including proline can be discriminated with slight decrease of 012 value (Fig S9e and Table S4 ).
We should choose a number of labeled samples according to cost and workload of sample preparation, available NMR machine time, estimated signal-to-noise ratio, and character of the target protein such as yield, solubility, and/or stability. Noise tolerance is proportional to 012 × where is signal-to-noise ratio of a signal, assuming that differences between designed labeling ratios and calculated SI indices are mostly caused by thermal noise of the spectra. This assumption can be accepted in low signal-to-noise ratio situation (see Supplementary Note S1 for detail). Comparing condition A and B, required concentration of samples and NMR machine time for obtaining same correctness of amino-acid discrimination are:
where l , l , and l are noise tolerance, required sample concentration, and required total NMR machine time under the condition A, respectively. If the total NMR machine time is given, then the machine time for each sample is , therefore
Relative values of (the value for that using 3 samples for discriminating 19 amino acids is set to 1) are shown in Table S4 . For example, for discriminating 19 amino acids, value of 6 samples is twice as large as that of 3 samples. This means that we can expect the same correctness of decoding in the same total NMR machine time by using either 6 types of labeled samples or 3 types of labeled samples with twice higher 26 concentrations. Considering the workload of sample preparation, 3-samples condition is generally better (Note that total sample consumptions are the same), while 6-samples condition is better in the case of the low solubility sample.
Assuming that minimum distance decoding is used for analysis, noise tolerance can also be estimated for other selective labeling methods (Table S4) . If 6 labeled samples are prepared to discriminate 20 amino acids, relative value of SiCode (2.000) is higher than that (1.414) of the CSL method by Parker et al. (2004) , indicating that, by using SiCode, higher correctness is expected with the same concentration of samples or lower concentration of samples is required to achieve the same correctness. In order to obtain information of both residues i and i-1 by using the conventional (non-combinatorial) selective labeling method, 39 samples in total (19 kinds of selectively 15 N labeled and 20 kinds of selectively 13 C-labeled/uniformly 15 N-labeled samples) are required. The 012 value (2.000) is the same as that for discriminating 20 amino acids with 9 samples by SiCode, while required total protein amount, and accordingly, required NMR machine time are 4.3 (39/9) fold larger for the conventional method than those for SiCode. These indicate that SiCode is better than the other selective labeling methods in terms of obtaining correct information from the data affected by the thermal noise due to limited NMR machine time.
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Supplementary Note S4 Correction of intensity disturbance
As mentioned in the text, we used glycine residues to compensate the intensity disturbance in the labeled samples. For Smoothelin CH domain case, concentrations calculated from the signals judged as glycine, &,
Supplementary Note S5 Calculation of the check digit
We adopted checksum method to calculate check digits, since it can be applied to the ternary-digit system used in this study. The check digit can be simply defined by Equation S5-1:
= , + 9 + ; mod 3 (S5-1) where , , 9 , and ; are the data digits from samples 1 to 3, and mod is the remainder of divided by . However, we used the slightly modified Equation S5-2:
= , + 9 + ; + 1 mod 3 (S5-2) to obtain the check digits shown in Fig. 2a . As described in the Materials and Methods, we designed the codeword table by considering both the isotopic scrambling and the cost of SI-labeled amino acids. As mentioned, we intentionally lowered the SI-labeling ratios of aspartate (for sample 2) and glutamate (for sample 3), in order to overcome the isotope scrambling. With Equation S5-2, the check digits of both asparagine ("220") and glutamine ("022") are "2", while those of both aspartate ("210") and glutamate ("021") are "1". This allowed us to use the same sample preparation procedure for sample 4, in which the SI-labeling ratios of both aspartate and glutamate are intentionally lowered. The check digit of tryptophan ("002") is "0" with Equation S5-2, while that with Equation S5-1 is "2", to reduce the total consumption of expensive SI-labeled amino acids.
